P ractice of motor skills of daily living is a critical component of arm rehabilitation after stroke. 1, 2 In our daily life, we engage our upper extremities in myriad skilled actions necessary for independent function. However, in the current climate of ever-dwindling therapy hours, there are only limited numbers of tasks that can be practiced intensely during a therapy session. Therefore, physical therapists and patients are often challenged to carefully choose skills for motor practice that will not only improve performance on the practiced skill, but also enhance performance of other unpracticed skills, likely through the process of intra-limb motor transfer. 3 Intra-limb transfer of motor learning refers to improvement in the performance of an unpracticed skill or condition following motor practice of a different skill with the same arm/leg. Intra-limb motor transfer has been demonstrated for neurologically intact individuals. [3] [4] [5] [6] Surprisingly, despite its strong relevance in rehabilitation, little is known about strategies that promote motor transfer across different tasks with the paretic arm in patients with stroke. Schaefer and colleagues demonstrated that practice of a simulated feeding task led to improvements in performance of a buttoning task, indicating that potential for intra-limb transfer for the paretic arm exists after stroke. 7 While this is exciting and opens opportunities to strategize motor practice to improve transfer across different tasks, it is not known how tasks can be selected for practice such that maximal transfer occurs to unpracticed tasks.
One important factor that needs consideration for task selection is the complexity of the task. 8 While animal studies have demonstrated that complex task practice promotes neuroplastic changes 9, 10 and skill acquisition, the traditional approach to rehabilitation practice has been to begin with simpler tasks and then progress to more complex tasks. 11 An important gap in implementing complex skill learning before simple skills is the lack of knowledge if practice of a complex motor skill with the paretic arm allows generalization of the learned knowledge to simpler tasks.
If complex skill training transferred to better performance on unpracticed simpler skills, it would be optimal to focus therapeutic practice on more complex motor skills under therapists' supervision. Alternatively, if complex skill learning did not improve simpler skill performance, then a progressive approach from simpler to complex skills would be more appropriate.
Performance improvements in a motor skill may occur due to improvements in motor control, or repeated exposure to testing and/or compensatory mechanisms. [12] [13] [14] For instance, Kitago and colleagues have shown that following constraint-induced movement therapy (CIMT), there are improvements in timed clinical measures but there is little change in the kinematic variables that characterize planning and execution of planar reaching movements. 12 The implication is that performance changes following CIMT may be driven predominantly by compensatory mechanisms rather than improved motor control. Therefore, a kinematic analysis of task performance that quantifies changes in movement structure allows differentiation of mechanisms that underlie performance changes, that is, improved motor control or compensation.
In this proof-of-concept study, we investigated if individuals with stroke improve performance of an unpracticed relatively simpler planar reaching task following intense practice of a complex motor skill. The complex skill (practiced task) required participants to control their paretic shoulder and elbow movements to navigate their weaker hand through a complex track with optimal speed and accuracy. To determine transfer to a simpler task, we tested their performance on a goal-directed planar reaching task (transfer task) at 2 baselines, 1 day, and 1 month post-practice. Finally, we employed kinematic analyses of the paretic hand to investigate the change in motor control of the unpracticed planar reaching task to determine if transfer of learning from complex to simple skill improved motor control of the simpler skill. We hypothesized that training of a complex skill will lead to long-term improvements in the performance of the complex skill and will generalize to improved performance and motor control of the relatively simpler unpracticed goal-directed planar reaching task.
Methods Participants
Twenty-four individuals with chronic unilateral stroke ( 24 or above, and ability to follow instructions for the task. Exclusion criteria were inability to follow instructions, pain/limited range of motion in the paretic upper extremity, and complete paralyses of the arm. Fifteen participants with stroke (Tab. 1, stroke practice group) participated in the main experiment that involved complex motor skill practice and testing on the practiced and transfer task. An additional 9 participants (Tab. 1, test-alone group) with stroke were recruited to serve as a test-alone group and were tested on the transfer task alone to determine if any changes in transfer performance were a result of repeated testing. These participants did not practice any motor skill. Since neurologically intact individuals do not require practice to execute planar reaching movements, we tested them only on the reaching task to serve as a benchmark against which to compare the baseline and practice-induced changes in reaching performance of the stroke group.
Instrumentation and Motor Tasks
For both practiced and transfer tasks, participants sat facing a computer monitor with their torso constrained to a chair and their test arm supported on a tabletop to move in the horizontal (X-Y) plane with little resistance. An electro- magnetic marker of the motion-tracking system, 3D Guidance trakSTAR NDI, tracked the hand position (sampled at 300 Hz) and translated it into real-time cursor position for concurrent feedback to the participant. Direct view of the hand was blocked by a horizontal screen, as shown in Figure 1A . The practiced motor task was a complex arm skill ( Figure 1B ) that required participants to navigate a screen cursor, denoting their hand position, through a complex track (width: 1.5 inch) as fast as possible (speed) without crossing the borders of the track (accuracy). The details of the complex arm skill have been published before. 15 The starting position of the track was standardized to a central point close (~5 cm) to the edge of the table near the participant's sternum. The end square of the track was placed at 90% of the participant's maximal paretic arm reach. To begin each trial, a gray start square appeared at the start position on the monitor, prompting the participant to move their hand to the start position on the table. This in turn moved the cursor inside the start square, prompting a programmed delay (2 s) after which the track appeared on the screen. Participants were instructed to begin navigating the track, once they were ready, following the track appearance. A cursor on the screen indicating the hand position provided real-time visual feedback throughout the movement. The trial ended when the cursor entered the black end square. Motor skill performance required combination and sequencing of different arm movements such as shoulder abduction and elbow extension within specific time and space constraints, thereby making the skill complex. Motor skill learning for this task is well characterized by a change in the speed-accuracy trade-off from baseline to retention, a measure of skill learning. [15] [16] [17] The transfer task was a goal-directed planar reaching task ( Figure 1C ). The start circle was presented at a distance of 5 cm from the front edge of the table in the midline of the body. Three circular targets (diameter: 0.75 inch) were presented along a straight line at 8, 16, and 24 cm from the start position. To begin the trial, the participant brought the cursor denoting their hand to the start circle and after a 300 ms delay, Figure 1D illustrates the experimental design. Participants came to the laboratory on 3 consecutive days and returned ~1 month after the third day. At the beginning of day 1, participants underwent clinical and experimental tests on the practice and transfer task. Clinical tests included UEFM, MMSE, and Edinburgh Handedness Questionnaire (EHI). Proprioception deficit was determined using the elbow position-matching task while participants were blindfolded. A greater difference between the passively positioned paretic forearm and the actively matched nonparetic forearm indicated greater proprioceptive deficit. 18, 19 To determine performance stability on the transfer task, we conducted 2 baseline transfer tests B1 and B2 separated by 15 minutes. Then, participants were tested for baseline performance on the complex motor skill. After testing on day 1 and on day 2, participants underwent complex motor skill practice with a goal to improve accuracy at progressively shorter movement times (faster movements). On day 3, participants returned for a short-term retention (STR) on complex skill test and transfer test. After approximately 1 month following training, a long-term retention (LTR) on complex skill test and transfer test were given to determine the resilience of motor learning and transfer.
Study Design
The test-alone stroke group was tested on the goal-directed planar reaching task on 2 baseline tests (B1 and B2) on Day 1, Day 3 (STR), and after a month (LTR). The neurologically intact participants were tested only at baseline (B1) to determine normative reaching performance.
Complex Motor Skill Test
A complex motor skill test on Day 1, Day 3, and one month characterized the skill level using speed accuracy trade-off (SAT). SAT testing consisted of 10 trials at each of the following predefined testing movement time (MT) bins, presented in a random order: 500-1000 ms, 1000-1500 ms, and 1500-2000 ms. Participants were instructed to prioritize the prescribed MT bin ranges while being as accurate as possible. Participants were provided auditory cues to ensure that they executed the complex skill within the predefined MT ranges and at least 10 trials were obtained for each MT range.
Transfer Test
A transfer test comprised a 30-trial block (10 trials per target) of the unpracticed transfer task: goal-directed planar reaching task (PRT). Targets appeared in a pseudo-random order, and participants were instructed to make straight, fast movements to the target as soon as they were ready after the target appeared. While concurrent feedback of the cursor denoting the arm was available throughout the trial, no post-response performance feedback was provided.
Motor Skill Practice
Motor skill practice was carried out on Days 1 and 2. During practice, participants were instructed to move to predefined training MT ranges and then improve their accuracy as practice progressed. On Day 1, the training MT range was 1000-1500 ms for a total of 120 trials. On Day 2, the training MT range was 10001500 ms for the first 30 trials and 500-1000 ms for an additional 150 trials. To ensure that participants prioritized MT and achieve their MT within the training range, they received a reward in the form of points. The reward structure was as follows: 5 points were rewarded if the movements were within the prescribed MT range. If they met the MT requirement, an additional 1, 2, or 3 points were rewarded if the in-track percent was more than 85, 90, and 95%, respectively. This reinforcement structure ensured that participants prioritized speed first, and subsequently acquired greater accuracy throughout practice.
Data Analyses
The 3D position data obtained from the electromagnetic sensory was recorded at 300 Hz, filtered using a zero-phase lag, low-pass fourth order Butterworth filter (10 Hz-cutoff frequency) and differentiated to determine tangential velocity and acceleration.
Assessment of Complex Skill Learning (Speed-Accuracy Trade-Off Change)
Accuracy and MT were analyzed for trials that were within the prescribed MT range. Accuracy was quantified as the percentage of their trajectory within the boundaries of the track (in-track percent), and an average in-track percent was plotted for each of the targets, testing MT bin for baseline, STR, and LTR. Change in accuracy at each of the MT bins from baseline (Day 1) to STR and LTR quantified short-term and longterm motor skill learning, respectively. MT was averaged for each MT range.
Assessment of Motor Transfer
Reaching performance was quantified using MT, calculated as the time interval between the time at which tangential velocity of the hand exceeded 5% of the peak velocity (movement onset) and the time at which the velocity fell below 5% of the peak velocity with the cursor in the target (movement offset). Peak velocity was determined as the maximum velocity in the tangential velocity profile. Because concurrent feedback of the cursor position was provided throughout the trial, participants were allowed to correct for terminal errors; there was no difference in the accuracy of the movements across testing times, and so accuracy was not included as a dependent measure.
Kinematic changes in reaching movements were characterized by peak velocity, time-to-peak velocity (TPV), and number of submovements. TPV was measured from movement onset to the point of peak velocity. Submovements were identified by quantifying the negative to positive crossings in the acceleration profiles. Increase in peak velocity with concomitant shortening of TPV and reduction in the number of submovements indicate a change in control of movements from a feedback-based strategy to a more feedforward strategy. [20] [21] [22] [23] [24] [25] Particularly, lesser submovements indicate better planning and lesser online corrections during goal-directed reaching. 26, 27 Statistical Analyses Assessment of learning. In-track percent of their movement trajectory was transformed into z scores prior to statistical analyses using logit transformation. For reporting, z scores were converted back to in-track fractions for simplicity of presentation. Repeated measures ANOVA with repeated measures on the MT range and test (baseline, STR, LTR) was conducted on the transformed z-scores of intrack percent to determine the effect of practice on motor skill learning. Greenhouse-Geisser correction was employed if the assumption of sphericity was violated.
Assessment of transfer.
First, all variables were compared across the 2 baselines to determine the stability of the planar reaching performance. To determine the transfer effects of complex skill practice on the non-practiced reaching task, RM-ANOVA with practice and test-alone as between-participant factors, and repeated measures on the target (near, mid, far) and test (baseline 1, baseline 2, STR, and LTR) was conducted on MT, peak velocity, TPV, and number of submovements. SPSS-18 was used for all analyses with the level of statistical significance set at P < 0.05. Figure 2A illustrates the change in performance of a participant with stroke on representative trials at baseline, STR, and LTR. Participants increased their accuracy significantly across all MTs from baseline to STR and retained these improvements at one month post-practice ( Figure 2B , F(2, 28) = 10.27; P < 0.001). These improvements in accuracy occurred without changes in the MTs over the testing sessions ( Figure 2C , F(2,28) = 1.8; P = 0.182). Figure 3A shows the individual participant data for representative trials of transfer tests during 2 baselines B1 and B2, STR, and LTR. We first determined the baseline stability of performance and kinematic measures of the PRT. There was no difference in MT (P = 0.128), PV (P = 0.443), TPV (P = 0.653), number of submovements (P = 0.66) between the 2 baselines for the 3 targets.
Results

Complex Skill Learning and Retention
Motor Transfer
Although participants did not train on the reaching task, MT of the reaching task significantly reduced for all 3 targets from baseline to STR and was maintained at LTR ( Figure 4A ; significant time effect; F(3, 42) = 15.15; P < 0.001). Following practice, their MTs became closer to those of controls, as demonstrated in Figure 3B . Figure 3B further reveals that MT improvements were only observed for those stroke participants who practiced the complex motor skill. Participants with stroke who did not practice the complex skill, but were tested on transfer tests, did not show significant improvements on MT at STR or LTR. This yielded a significant group difference (F(1, 22) = 139.79; P < 0.001) between those who practiced the complex skill and the test-alone group.
Examination of reaching kinematics in the practice group revealed that TPV was significantly shorter at STR as well as LTR compared to the 2 baselines ( Figure 4B , F(1.6, 23.12) = 7.307, P = 0.005). In addition, participants in the practice group demonstrated significantly higher peak velocities during STR and LTR compared to the 2 baselines ( Figure 3C , F(1.87, 25.72) = 14.3; P < 0.001). Number of submovements significantly reduced from baselines to short-and long-term retention, indicating smoother movements at both retention tests (F(1.37, 27) = 12.24; P < 0.001). In contrast, for the test-alone group, there was no significant change in TPV (P = 0.202), Peak velocity (P = 0.088), or number of submovements (P = 0.614) from the 2 baselines to STR or LTR. Thus, following practice of the complex skill, participants with stroke were able to improve performance and kinematic characteristics of the simpler, unpracticed planar reaching task.
Relationship between Transfer Improvements, Initial Performance, and Complex Skill Learning
The degree of long-term motor transfer was related to the initial planar reaching performance and the degree of long-term complex skill learning. 
Discussion
We tested whether complex skill practice with the paretic arm improved long-term retention of the skill and transferred to improved performance on an unpracticed simpler motor skill (ie, goal-directed planar reaching) in participants with stroke. Practice led to improvement in complex skill performance that was retained over a period of 1 month. Following complex skill learning, there were long-term improvements in the performance and control of unpracticed goal-directed reaching, therefore demonstrating intra-limb transfer of learning from complex to simpler skills. Importantly, participants who showed greater learning benefits on the practiced complex skill also showed better transfer on the unpracticed task, indicating a positive relationship between amount of learning and transfer.
Motor Learning Following Paretic Arm Training
Participants with stroke were able to improve the SAT for the complex motor skill using the paretic arm and retain the performance over a 1-month period. Our findings are in agreement with previous studies reporting relatively intact motor skill learning in patients with stroke. 28-30 While we did not include a control group to compare complex skill learning between participants with stroke and age-matched controls, the practice-induced improvements in the speed-accuracy trade-off observed in participants with stroke are comparable to those in a previous study 15 that tested older neurologically intact adults using a similar practice protocol. Novel to the present study are 3 main aspects: (1) practice and testing of the paretic arm, (2) changes in speed-accuracy trade-off to measure skill learning, and (3) long-term, ie, 1-month retention testing. Many previous studies had patients use their nonparetic arm for practice to prevent masking of learning due to execution deficits of the paretic arm. [31] [32] [33] While these studies shed light on the cognitive bases of motor learning, limited generalization of the nonparetic arm findings to the paretic arm learning impede translation into clinical practice. In this study, participants with stroke used their paretic arm for practice, and testing of learning and transfer. To control for execution deficits, we scaled the end of the track to 90% of their active maximum reach distance of the paretic arm. This also ensured that the relative task difficulty was constant across individuals with different levels of motor impairments. 30 Learning a real-world motor skill requires improvement in both performance accuracy and speed. Often, laboratory-based learning paradigms (A) Patients with slowest movement times of the transfer task (planar reaching task) showed greatest improvements in MT after complex skill practice. (B) Linear relationship was significant for percent improvement in transfer task and percent improvement in the practiced task. Participants who showed greater practice-induced improvements in the complex motor skill showed greatest improvements in the unpracticed transfer task.
use either improvements in speed (eg, sequence learning paradigms) or accuracy (eg, adaptation paradigms) to quantify motor learning. While these measures have been useful, characterizing skill learning using change in only 1 parameter (accuracy or speed) can be potentially problematic. For example, if one slows down to improve accuracy, it may not reflect learning but rather a shift in the performance along an unchanged speed-accuracy trade-off curve. Recent conceptualization of motor skill learning is best characterized by change in the speed-accuracy tradeoff in healthy individuals. 16, 17 Here, for the first time, we demonstrate improvements in speed-accuracy trade-off of the complex skill with the paretic arm. Importantly, participants met the MT requirements during each target range of SAT testing and there was no change in the MT over the 3 testing sessions. Thus, improvements in accuracy from baseline to STR and LTR reflect real improvements in the speed-accuracy trade-off with practice. Further, in contrast to previous investigations that typically tested retention 1-2 days after practice ended, 28, 29, 31 we added an additional retention-test 1 month post-practice. This allowed inference about relatively long-term effects of motor practice. The present findings of complex skill improvement and LTR with the paretic arm provide evidence that patients with chronic stroke retain their ability to improve long-term paretic arm performance on complex motor skills that require both accuracy and speed.
Motor Transfer Following Paretic Arm Training
Participants with stroke who practiced the complex skill also improved their performance on the relatively simpler, unpracticed goal-directed reaching task, as evidenced by reduced MTs to all the 3 targets. Further, improvements in the transfer task were also retained 1 month post-practice. Our results are consistent with prior reports in healthy individuals 3 and patients with stroke 7 that demonstrated intra-limb transfer to a different arm configuration or a different task. Here, we extend previous findings and demonstrate that practice of complex skills transfers to improved performance on simpler unpracticed skills. Repeated exposure to a testing condition often improves performance on the test. 34, 35 Thus, could decrease in MT and improved reaching control be an effect of multiple testing sessions on the reaching task? We do not think this is the case for 2 reasons: (1) the performance and control of reaching was stable across the 2 baseline tests, and (2) the test-alone stroke group that did not practice the complex skill task, but was tested on the transfer tests, did not show significant improvements in movement time or kinematic measures as a result of repeated testing. This adds confidence to our demonstration of intra-limb transfer in the paretic arm of individuals with chronic stroke. Further, addition of the test-alone group in our study also improvises previous designs of transfer studies 7 and allows distinction between testing effects and true transfer.
We also determined if MT changes in the reaching task were accompanied by changes in motor control of the reaching task. Slower inefficient reaching movements after stroke are characterized by lower peak velocities, longer TPV, and multiple submovements. 24, 26, [36] [37] [38] These impairments in motor control indicate that patients with stroke use online control driven by concurrent feedback of the arm and target. Reaching performance at baseline indicated that participants with stroke in our study showed these motor control deficits. However, after complex skill practice, participants with stroke showed significant increase in the peak velocity, shortening of TPV, as well as significant reduction in the number of submovements in the reaching performance. This suggests that through complex skill practice, individuals with stroke were able to modify the motor control of their paretic arm from a slower feedback-based strategy to a more efficient feedforward control for the unpracticed reaching movements. 20, 25, 39 Given that participants' trunk was restrained throughout the experiment, improved kinematic measures of reaching indicate lesser contribution of compensatory movements and improved motor control, likely acquired through complex skill practice.
Previous studies have demonstrated improved reaching performance and control of the paretic arm following task-specific reaching practice. 40 Here we demonstrate that improvements in paretic reaching control can also be achieved following practice of a discrete motor skill that is more complex than reaching itself.
How Does Complex Skill Practice Improve Simple Reaching Performance?
The exact mechanisms of generalizability that underlie intra-limb transfer are not well understood, but the nature of the task, practice, and neural substrates play an important role. Practice of a skill is known to result in multiple internal representations in the nervous system, 3, [41] [42] [43] and the commonality of the learned representation(s) between the practiced and transfer task may, in part, determine the extent of transfer. 44 Thus, motor transfer is optimized when processing activities and subsequent internal representations promoted by practice are similar to those that are required by the transfer task. 45 Early during complex skill practice, participants learned the mapping between their paretic arm movements and the cursor that may contribute to some transfer. Specifically, they also learned to plan and execute a discrete goal-directed skill, as evidenced by improved performance in the speed-accuracy trade-off of the complex skill. The generalizability of these improved feedforward control processes was evident as kinematic changes in the reaching performance (ie, shorter TPV and lesser submovements). Indeed, significant correlation between the performance improvements of the practiced motor skill and MT improvements on the unpracticed reaching task also increases our confidence in suggesting that improvements in the transfer task were related to complex skill practice. Thus, the current findings support the notion that motor transfer is facilitated when the practiced and transfer tasks share common motor control requirements. 45 A second explanation may relate to the neural substrates underlying complex skill learning. Animal and hu-man studies of experience-dependent plasticity indicate that task complexity that promotes greater motor and/or cognitive effort enhances neuroplastic changes within the cognitive-motor network necessary for learning and transfer. 9, 29, [46] [47] [48] Greater activation of the dorsal premotor, supplementary motor areas, cerebellum, as well as primary motor cortex has been reported during complex skill practice compared to simple skill practice. Similarly, greater transfer to a non-practiced task or opposite limb is associated with greater activation in neural networks engaging some of the similar neural structures (eg, SMA, cerebellum). 44, 49 This partial overlap between learning and transfer networks indicates that neural plasticity within wider neural networks evoked by complex skill practice may be able to support transfer to a simpler task. Future work combining imaging and behavioral analyses is needed to determine the neural bases of intra-limb transfer in patients with stroke.
Limitations
The main limitation of the current study is that we did not have a comparison stroke group that practiced task-specific reaching movements. Therefore, we cannot ascertain that complex skill learning may be better than task-specific practice in improving reaching performance. In the current study, participants showed significant improvements in the unpracticed reaching task (over 40% improvements in MT after practice compared to baselines). These improvements are comparable to previous reports that have used task-specific practice. 40, 50 A second limitation is that we did not test transfer to a completely different task that may not share common motor control processes with the practiced task. The 2-dimensional experimental tasks in this study employing only shoulder and elbow movements are not substitutes for real-world tasks; however, experimental tasks with the motor learning design employed here provide a more systematic investigation of task complexity and transfer of learning. We also did not test generalization using a more clinically focused outcome such as the box and block or action research arm test. This may limit the direct application to a real-world skill in a clinical environment. However, our findings strongly suggest that therapists should take into consideration the continuum of task complexity while selecting motor tasks for practice to improve generalization across multiple tasks. More research is needed to understand how similarities and differences between practiced and transfer tasks influence motor transfer following stroke. Finally, with a smaller sample size in the current study and unavailability of lesion information for some participants, we were not able to relate learning and/or transfer to specific lesion location and/or extent.
Clinical Implications and Conclusions
In summary, our results indicate that complex skill practice with the paretic arm can induce long-term performance improvements in simpler motor tasks in individuals with mild to moderate poststroke impairments. While it remains to be investigated in future experiments how improvements in reaching may differ following complex skill practice compared to task-specific reaching practice, our findings suggest that task complexity is a factor that needs consideration while choosing tasks for practice. The present findings have significant implications on motor rehabilitation. Given that limited number of tasks can be practiced during a typical therapy session, our findings suggest that challenging the patients beyond their current capabilities may be more optimal in driving behavioral recovery as well as transfer to unpracticed tasks. These findings challenge the long-standing notion that motor rehabilitation should begin from simpler tasks and then proceed to more difficult ones. Specifically, evidence such as that from the present study and other recent studies demonstrates the facilitative effects of training more complex and challenging tasks on processes that foster learning and, importantly, generalization to simpler tasks.
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